The antioxidant capacity of prenyletin (6-hydroxy-7-isoprenyloxycoumarin (1), prenyletin-6-methylether (6-methoxy-7isoprenyloxycoumarin (2), and ayapin (6,7-methylenedioxycoumarin (3), isolated from an Argentine collection of Pterocaulon polystachyum, was investigated. Compound 1 displayed a higher scavenging activity on DPPH (72%) and ABTS (89%), at 100 µg/mL, than 2 and 3. In the non-enzymatic system of O 2
Pterocaulon polystachyum DC, common name "sombra de toro" [1] , is a native herb distributed in the northeast of Argentina. Pterocaulon species are used in Argentine folk medicine to heal wounds, as an antiseptic and antifungal agent, and for the treatment of gastrointestinal disorders [2] . Particularly, P. polystachyum aerial parts are used as a fly repellent [3] and the aqueous, methanolic and dichloromethane extracts have been reported to have antioxidant properties [4] . Several coumarins have been isolated from South American collections of P. virgatum, P. purpurascens, P. alopecuroides and P. polystrachyum [5] [6] [7] [8] . Previously, we reported on the isolation of eighteen coumarins from an Argentine collection of P. polystachyum [9] , with prenyletin (1), prenyletin-6-methylether (2) and ayapin (3) as the major constituents. Reactive oxygen species (ROS) are produced constantly in cells with normal metabolism. On the other hand, cells are able to defend themselves from destructive effects of oxygen radicals in normal physiological situations by their own antioxidant mechanisms, including enzyme systems and antioxidants, such as tocopherol and glutathione. There is a balance between production and destruction of ROS. When this equilibrium is destroyed, ROS are produced in excess and tissues are exposed to oxidative injury. ROS and free radicals induce membrane damage, DNA base oxidation, DNA strand break, chromosomal aberrations, and protein alterations. Therefore, oxidative stress is thought to be closely associated with aging, atherosclerosis and carcinogenesis [10] .
Coumarins comprise a group of natural compounds found in a variety of plant sources that possess important antioxidant effects. Due to their low toxicity, their presence in the diet, and occurrence in various herbal remedies, coumarins are good candidates for the evaluation of their antioxidant properties for further applications. It is important to point out that the biochemical action of simple coumarins depends upon the pattern of substitution of the benzopyrane rings. Based on the reported antioxidant activity of natural coumarins [11] [12] [13] , the aim of the present study was to evaluate the antioxidant activity and the inhibitory capacity on XOD of the major coumarins from P. polystachyum. In addition, the scavenging capacity of mixtures of coumarins was evaluated.
Figure 1:
Chemical structures of coumarins: prenyletin (6-hydroxy-7isoprenyloxycoumarin, 1), prenyletin-6-methylether (6-methoxy-7isoprenyloxycoumarin, 2), and ayapin (6,7-methylenedioxycoumarin, 3).
Because previous reports indicated that the antioxidant activity in one test does not necessarily correlate with the activity observed in another [14] , more than one assay was performed to determine the antioxidant potential of the coumarins 1, 2 and 3 ( Figure 1 ) that had been previously obtained from an Argentine collection of P. polystachyum [9] . After testing their purity by spectroscopic methods, they were submitted to the experiments described herein.
Free radical scavenging capacity: Compound 1 was more active than compounds 2 and 3 on DPPH radical bleaching. Radical Scavenging Activity (RSA) rates at 100 μg/mL were 72, 12 and 19%, respectively (Table 1) after 10 min of contact. Figure  2 depicts the dose-response curves for RSA of compounds 1, 2, and 3 on DPPH. As shown, compound 1 produces the strongest scavenging action (SC 50 = 55.3 µg/mL) after 10 min of contact ( Figure 2 ). Another antioxidant activity screening method, applicable for both lipophilic and hydrophilic antioxidants, the ABTS •+ (ABTS radical cation) assay, showed results similar to those obtained with DPPH, but with ABTS •+ the reaction was faster. In fact, as shown in Figure 3 , compound 1 was the most active, with a scavenging concentration (SC 50 ) of 25.5 µg/mL calculated after 6 min of contact, while compounds 2 and 3 displayed SC 50 values of 200 and 400 µg/mL, respectively. Butylated hydroxytoluene (BHT), a commercial antioxidant was employed as positive control and produced 100% scavenging at 100 μg/mL. As the joint effect of antioxidants may be synergistic (the compounds increase each other's effect), we tested the DPPH scavenging activity of three mixtures of coumarins in a concentration ratio similar to that found in the aerial parts of P. polystachyum. As shown in Table 2 , mixtures of 1 + 2 (20 and 160 µg/mL, respectively) and 1 + 3 (20 µg/mL of each) do not improve the antioxidant effect of each compound separately. However, the ternary mixture of 1 + 2 + 3 at concentrations of 20, 160 and 20 µg/mL, respectively, displayed a synergistic scavenging effect of 50%. Finally, we tested the DPPH scavenging action of a mixture of one of the less active coumarins (2) and BHT (160 and 40 µg/mL, respectively) in order to evaluate an eventual synergistic effect. As shown in Table 2 , no synergism was detected for this mixture. It is noteworthy that, although the scavenging activity of the tested coumarins was high, their reducing power, measured with the FeCl 3 /K 3 Fe(CN) 6 system, was weak (around 10%).
ROS scavenging activity:
The coumarins were tested for their ability to scavenge ROS. Superoxide anions scavenging activity was evaluated using nonenzymatic and enzymatic systems for superoxide generation. Compound 1 displayed the strongest effect at 100 µg/mL, followed by 2 and 3, as shown in Table 1 . The coumarins scavenged H 2 O 2 at a weak rate (27%) at 100 µg/mL, as indicated in Table 1 . and 3, at 100 µg/mL, were able to hinder β-carotene bleaching by neutralising the linoleate and other free radicals formed in the system. After 2 h, in the control experiment, which contained no coumarins, bleaching of 44.5% of β-carotene was observed.
Strongest protection from bleaching was accomplished by 1 (16.8%), while compounds 2 (28.8%) and 3 (34.2%) were less active (Figure 4 ).
XOD inhibitory activity:
XOD is a key enzyme that plays a role in hyperuricemia, catalyzing the oxidation of hypoxanthine to xanthine and finally to uric acid. In the xanthine/xanthine oxidase system, compound 1 was effective at 100 µg/mL in the inhibition of uric acid formation (80%). Coumarins 2 and 3 produced a lower effect (60% inhibition) at the same concentration ( Figure 5 ). Additionally, inhibition of Nitroblue tetrazolium (NBT) reduction by O 2
•was also registered in experiments containing 100 µg/mL of 1, 2 and 3, all yielding similar results. Except for anaerobes, oxygen is vital for all living systems. However, the paradox of aerobic life is that oxidative damage occurs at the key biological sites, threatening their structure and function. Oxidative stress is initiated by ROS, such as superoxide anion and hydrogen peroxide. Neither of these ROS is a strong oxidant, but they can be converted into more dangerous oxidants by harmful reactions in tissues. Superoxide can be produced from molecular oxygen and rapidly dismutates into H 2 O 2 , either spontaneously or enzymatically, but if superoxide collides with nitric oxide, the formation of peroxynitrite takes place. In reactions catalyzed by transition metals like iron, H 2 O 2 can be converted into extremely strong hydroxyl radicals that attack sensitive cellular targets, like lipids, proteins, and nucleic acids, causing their degradation. Oxidation of phospholipids and fatty acids produces reactive lipid peroxides, which in turn initiate chain reactions of lipid peroxidation in cellular membranes. Growing evidence suggests that the ROS, including free radicals generated during cellular metabolism or oxidation of lipids and proteins, play a causative role in the pathogenesis of cancer and coronary heart disease. Novel antioxidants are in high demand for their applications as nutraceuticals in disease prevention and health promotion, as well as food additives to enhance the quality, stability, and safety of food products. This study was conducted to evaluate the antioxidant capacity of the major coumarins from P. polystachyum and to infer the structural requirements for activity. The present results indicate that compound 1 is a very good antioxidant with capacity to transfer electrons to organic nitrogen radicals, and scavenge ROS. Its activity is stronger than compounds 2 and 3, and therefore, it is reasonable to assume that the hydroxy group at C-6 plays an important role in the activity [15, 16] . The antioxidant potency of 1 is higher than other coumarins isolated from plant sources [13] . Our results are consistent with a previous report that indicated that prenyletin enhanced cell viability under oxidative stress conditions [17] .
Based on the observed effects, the coumarin fraction of P. polystachyum, and particularly prenyletin, might be good candidates for use in foods or medicinal material to replace synthetic antioxidants, which are being restricted due to their side effects, such as carcinogenicity. The inhibitory capacity on XOD indicates that dietary use of this plant species might provide some choices for prevention and/or treatment of hyperuricemia. In fact, toxicity evaluations of P. polystachyum extracts are currently being performed in our laboratory.
Experimental

Reagents:
The analytical grade reagents employed are listed as follows: 1,1-diphenyl-2-picrylhydrazyl (DPPH); dimethylsulfoxide (DMSO); butylated hydroxytoluene (BHT); phenazine methosulfate (PMS); nitroblue tetrazolium (NBT); xanthine oxidase (XOD); allopurinol; 2,2´-azinobis-(3-ethylbenzothiazoline-6 sulfonic acid) diammonium salt (ABTS); 6-hydroxy-2,5,7,8-tetramethyl-chroman-2carboxylic acid (Trolox); β-nicotinamide adenine dinucleotide, reduced form (NADH); ethylenediaminetetraacetic acid (EDTA); Sodium dodecyl sulfate (SDS). Analytical grade solvents were obtained from Merck and Sigma-Aldrich Canada Ltd.
Plant material:
Aerial parts of Pterocaulon polystachyum DC (Asteraceae) were collected at the flowering stage in March 1996 in Chaco province, northeast of Argentina. A voucher specimen is on deposit at Herbarium of Fundación Miguel Lillo, Tucumán, Argentina (LIL 603564). The plant material was dried in a dark place at room temperature and flowers and leaves were separated for further extraction procedures.
Purification and identification of coumarins:
Isolation and exhaustive purification of coumarins was accomplished by chromatographic methods, particularly HPLC. NMR and MS were employed for structural identification by comparison with previously reported data [9] .
Coumarin concentrations in bioassays:
Concentrations of 10 to 500 μg/mL were employed.
Determination of reducing power:
The antioxidants cause the reduction of the Fe +3 / ferricyanide complex to the ferrous form. Therefore, the Fe +2 can be monitored by measuring the formation of Perl´s Prussian blue at 700 nm. Compounds 1, 2 and 3 were dissolved in a sodium phosphate buffer (2.5 mL, 0.2 M, pH 6.6) and 2.5 mL of a 1% potassium ferricyanide aqueous solution were added. The mixture was incubated at 50ºC for 20 min. After incubation, 2.5 mL of a 10% trichloroacetic acid (TCA) solution was added to the mixture that was then centrifuged at 3000 rpm for 10 min. The upper layer (2.5 mL) was further separated and combined with 2.5 mL of distilled water and 0.5 mL of a 0.1% solution of FeCl 3 . Absorbance of this solution was measured at 700 nm in a spectrophotometer (Beckman DU 650). Ascorbic acid was submitted to the same treatment as the coumarins and was used as a positive control. Reducing power was expressed as ASE (ascorbic acid equivalent expressed in mg of sample). If the reducing power is 1mg ASE, 1 mg of sample possesses the reducing power of 1 nmol of ascorbic acid (AS) [18, 19] .
DPPH free radical scavenging activity:
The "electron/hydrogen atoms transference tests" measure the capacity of an antioxidant to reduce an oxidant. DPPH is one of the few stable and commercially available organic nitrogen radicals and has a UV-visible absorption maximum at 515 nm. Upon reduction, the solution color fades. A DPPH solution (1.5 mL; 300 µM in 96% ethanol) was incubated for 20 min at room temperature (25°C) with each coumarin. The absorbance was measured at 515 nm every min for 20 mins. BHT was used as reference. The radical scavenging activity (RSA) was calculated as a percentage of DPPH discoloration using the equation:
RSA= 100 x (1-A s /A c )
A s is the absorbance of the solution when an antioxidant has been added at a particular concentration, and A c is the absorbance of the DPPH solution with nothing added. SC 50 was defined as the coumarin concentration required to scavenge 50% of DPPH free radicals [20] .
ABTS radical cation (ABTS •+ ) scavenging activity:
ABTS •+ was generated by oxidation of ABTS (7 mM) with potassium persulfate (2.45 mM). This aqueous solution was incubated at room temperature (25ºC) in the dark for 16 h and 1 mL was added to ethanol solutions of each coumarin at the tested concentrations. The absorbance was recorded at 734 nm every minute during 6 min. Results were expressed as a percentage of scavenged ABTS •+ [21, 22] .
Superoxide radical scavenging activity:
Xanthine oxidase catalyses the oxidation of xanthine to uric acid. During this reaction, molecular oxygen acts as an electron acceptor, producing superoxide radicals according to the following equation:
XOD
The reaction mixture consisted of 400 µL of 200 mM sodium phosphate buffer, pH 7.5, 200 µL of 0.6 mM xanthine, 180 µL of distilled water, 200 µL of enzyme and the selected concentration of coumarin. A similar mixture without coumarin was employed as control. The reaction mixture was incubated at 37ºC for 20 min and the formation of uric acid was checked by its absorbance at 295 nm. The percentage of enzyme inhibition by coumarins was finally calculated [23] .
Superoxide
anions were detected by a spectrophotometric method. The enzymatic system contained 0.4 mM xanthine; 0.24 mM NBT in 0.1 M sodium phosphate buffer, pH 7.8; 0.1 mM EDTA; and 0.05 U of XOD. This mixture was incubated at 37ºC for 20 min. The reaction was quenched by adding 1.0 mL of a 69 mM SDS solution, and the product of the reduction of NBT was evaluated spectrophotometrically at 560 nm [24] . Solutions of allopurinol were employed as positive control. The non-enzymatic generation of superoxide anion was measured in a mixture that contained 40 µL of NADH (996 µM); 60 µL of NBT (250 µM); and 150 µL of PMS (5.4 µM) in a sodium phosphate buffer 19 mM, pH 7.4. Different concentrations of coumarins, previously dissolved in DMSO, were added to test tubes and, after 2 min of incubation at room temperature, the reaction was stopped by adding 0.1 M HCl. Spectrophotometric measurements were performed at 560 nm. The scavenging percentage was calculated for each coumarin concentration.
Hydrogen peroxide scavenging activity:
A coumarin solution was added to 0.6 mL of a hydrogen peroxide solution (4 mM) in sodium phosphate buffer (10 mM, pH 7.4). The control experiment contained no coumarin. Hydrogen peroxide concentration was determined spectrophotometrically at 230 nm after 10 min of incubation at room temperature (25ºC) [25] .
β-Carotene-linoleic acid assay: Heat induced oxidation of an aqueous emulsion system of βcarotene and linoleic acid was employed as a test to evaluate antioxidants. In this particular model, βcarotene undergoes rapid discoloration in the absence of an antioxidant. During oxidation, an atom of hydrogen is abstracted from the active bis-allylic methylene group of linoleic acid located on C-11 between two double bonds. The pentadienyl free radical formed attacks highly unsaturated β-carotene molecules in order to reacquire a hydrogen atom. As β-carotene molecules lose their conjugation their orange color disappears and the process can be monitored spectrophotometrically. The presence of an antioxidant may hinder the β-carotene destruction, by neutralizing the linoleate free radical, and any other radicals formed within the system. β-Carotene dissolved in chloroform (0.2 mg/mL) was added to a round-bottom flask containing 0.02 mL of linoleic acid and 0.2 mL of Tween 20 to which 0.2 mL of ethanol solutions of each coumarin, at different concentrations, were added. An identical mixture, but replacing the coumarin by BHT was used as positive control, while a mixture with ethanol (instead of coumarin) was employed as negative control. After evaporation to dryness under vacuum at room temperature, oxygenated distilled water (25 mL) was added. The mixture was shaken for 2 min and then subjected to thermal autooxidation at 50ºC for 60 mins. The absorbance of the solution was monitored at 470 nm on a spectrophotometer (Beckman DU-600) by taking measurements at 10 min intervals and the rate of β-carotene bleaching was further calculated [26] . All the described bioassays were conducted in triplicate.
